ABSTRACT
INTRODUCTION

27
Progressive collapse of reinforced concrete (RC) structures has caught widespread attentions Table 1 .
150
It should be noted that in modelling the joint it is usually assumed that the rebar development The bond-slip effect is an important factor that influences the progressive collapse behavior of the guaranteed as the monolithic structures. Moreover, although some of the existing macro-models can 161 account for bond-slip effect, there is commonly an associated assumption that the embedded length 162 for bars is sufficient; consequently the applicability is restricted, especially for precast concrete 163 structures.
164
In the present modeling approach introduced in the previous subsection, the bond-slip effect is 165 considered through the beam interface springs in the Joint2D element, and the spring properties are 166 calibrated through a unit length fiber section analysis discussed before. Hence, a stress-slip model 167 is needed herein.
168
The bond-slip behavior of the beam reinforcement when subjected to progressive collapse 169 actually depends on the anchorage type. Generally, three kinds of anchorage are used in precast RC 170 structures, namely, continuous, lap-spliced and hooked, as shown in Fig. 3 
After that the bar yields but is not stressed up to the center, the yielded length L yd is
192
given by
and the slip is computed as
Finally, the reinforcement is stressed up to the center of the joint under catenary action,
197
but the slip at the center point is still zero due to symmetry. The corresponding elastic 198 developed length and yielded developed length are
and the slip is
where end can be determined through similar triangle method. Note that no pull-out failure
203
will occur in this case. 
where L s embd is the straight embedment length of the hooked bar.
214
According to the relation between the embedded length and developed bond length and 215 the assumption discussed above, as shown in Fig. 4 , the slip is derived as follows:
216
• If the bar embedded length is sufficient to develop full bond length L d (Fig. 4(a) ), the 217 failure mode is bar fracture, the developed process of the bond stress involves two stages.
218
At first the bar is elastic, and developed elastic bond length L ed and corresponding slip are
219
Then the bar yields, and the yield length and slip are
• If the bar embedded length is sufficient to develop elastic bond length but not sufficient to 225 develop full bond length (Fig. 4(b) ), the first two stages of slip evolution are the same with
226
Eqs. (9) and (10) in last case. However, the bar will be stressed up to the free-end, and free 227 end slip may occur. So the developed length and slip in this situation are expressed as
where s 0 is the free-end slip and can be determined by
where s 1 is the ultimate slip at the free-end; u e is the elastic bond stress at the free-end; u u 236 is the ultimate bond stress; f se is the maximum bar stress (≤ f y ) in the elastic developed 237 bond length. Note that if u e reaches u u (s 0 ≥ s 1 ), the bar will fail by a pull-out mode.
239
• If the bar embedded length is even not sufficient to develop elastic bond length ( Fig. 4(c) ),
240
at first it is still the same as Eq. (9), then the bar will be stressed up when the applied strain 241 is even in the elastic stage; the developed elastic bond length is actually the full embedded 242 length, i.e., L ed = L embd , thus the slip is
If there is no pull-out failure (s 0 ≥ s 1 ) even when the bar yields at the loaded end, then 245 the slip is the same as Eq. (12).
246
With the above equations, the reinforcement stress-slip relation can be obtained. aspect. To improve the numerical performance, a varying solution strategy is employed in this paper.
258
The analysis starts with the full Newton-Raphson algorithm, which has the fastest convergence rate, still fails to obtain a solution, the iteration number is increased (i.e., 1000). If a solution still cannot 264 be obtained, a larger tolerance is then adopted (i.e., 10 −4 ). After the convergence is obtained, all 265 these settings are returned back to the default ones for the next step. with Eurocode 2, were tested. The geometrical dimensions were kept the same, and the differences parameter was the reinforcing ratio, which is listed in Table 2 .
266
VALIDATION OF THE PROPOSED MODELING APPROACH
281
The material properties of the specimens, including concrete and reinforcement, are given in 282 Table 3 , where bar H13 and H16 marked with * were used for specimen MJ-B-1.19/0.59R only.
283
The two end column stubs were restrained each by two load cells in in the horizontal direction,
284
and one pin support in the vertical direction. In addition, two sets of steel columns were arranged 285 on each side of the middle span of the beams to prevent out-of-plane failure of the specimens.
286
Column removal was simulated through gradually increasing the vertical displacement at the top 
289
Analysis results
290
The established numerical model is demonstrated in Fig. 6 . The beams and columns are modeled as an effective tool in a progressive collapse analysis.
334
PARAMETRIC STUDIES ON PROGRESSIVE COLLAPSE BEHAVIOR OF PRECAST RC
335
SUB-ASSEMBLAGES
336
With the validated numerical model, parametric studies can be performed to investigate the to simulate the sub-assemblages to improve the computational efficiency. However, to consider the modified by assuming that the equivalent strain is the sum of the slip and the bar deformation (Bao region length, usually equals beam height.
358
The results for the four models are demonstrated in Fig. 9 . As can be seen in the figure, the 
466
APPENDIX I. CONCRETE DAMAGE-PLASTICITY MODEL
467
The uniaxial concrete model used in this paper is based on damage mechanics, and the general 468 form of the constitutive relation can be written as
where σ ± is the stress; ± is the total strain; p± is the plastic strain; d ± is the damage variable; E c 471 is the elastic modulus; the superscript ± indicate tension and compression, respectively.
472
The damage evolution can be determined by either micro-mechanics (Feng et al. 2016b) or 473 experimental data (Feng et al. 2017) , here the latter one is adopted
475 and the symbols are defined as
477 where f ± c and ± c are the stress and strain corresponding to the peak strength in tension and 478 compression; E c is the elastic modulus.
479
The plastic strains are also given by an empirical model, i.e.,
481
where ξ p and η p are the plastic parameters that controls the plastic evolution, and the recommended 482 values are 0.6 and 0.1, respectively. Note that the tensile plastic strain is neglected since it is 483 relatively small and has little influence on the overall behavior of concrete.
484
APPENDIX II. BILINEAR REINFORCEMENT MODEL
485
The bilinear model is used for reinforcement bars. The stress-strain relation under tension and 486 compression is assumed to be the same, and is given by
where E s is the elastic modulus; f y and y are the yielding strength and strain, respectively;
489
E h = bE s is the hardening modulus; b is the hardening ratio. 
